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Preferential transport of non-enzymatically glucosylated ferritin
across the kidney glomerulus
STUART K. WILLIAMS and ROBERT K. SIEGAL
Department of Physiology, Jefferson Medical College, Thomas Jefferson University, Philadelphia, Pennsylvania, USA
Preferential transport of non-enzymatically glucosylated ferritin across
the kidney glomerulus. We have examined the significance of carbohy-
drate structure to the transglomerular passage of proteins. Car-
bohydrate-free (non-glycosylated) ferritin, prepared by Concanavalin-
A-sepharose affinity chromatography, was perfused into rat kidneys,
and was observed to be restricted from transglomerular transport and to
accumulate within the lamina rara interna of the glomerular basement
membrane. Visibility of the laminar structure of the glomerular base-
ment membrane was enhanced following perfusion fixation containing
tannic acid, permitting the observation of charge dense regions within
the basement membrane. Non-enzymatically glucosylated ferritin was
not restricted by the lamina rara interna and was observed to penetrate
the lamina densa and lamina rara externa. Glucosylated ferritin was
observed to be sequestered also by epithelial pinocytic vesicles and to
be accumulated within multivesicular bodies. Quantitative measure-
ments using fluorescently labelled ferritins indicated the preferential
clearance of glucosylated ferritin from the plasma and preferential
appearance of glucosylated ferritin in the urine. The differential trans-
port of glucosylated ferritin was not due to the formation of a cationic
protein, as isoelectric focusing established that glucosylation of ferritin
results in a more anionic protein. These studies suggest that glucosyla-
tion of anionic proteins results in their increased transglomerular
permeability. This increased protein permeability could contribute to
the proteinuria observed in diabetic microangiopathy.
Transport préferentiel de Ia ferritine glycosylee de facon non-
enzymatique a travers Ic glomérule renal. Nous avons examine le role de
Ia structure glucidique sur Ic passage transglomérulaire des protéines.
Dc Ia ferritine sans glucide (non glycosylée), préparée par une
chromatographie d'affinité concanavaline A-SCpharose, a etC perfusCe
dans des reins de rats, et il a Cté observe qu'elle Ctait exclue du
transport transglomCrulaire, et qu'elle Ctait accumulCe dans Ia lamina
rara interna de Ia membrane basale glomCrulaire. La visibilité de Ia
structure des laminae de Ia membrane basale glomCrulaire a etC accrue
après perfusion de fixateur contenant de l'acide tannique, permettant
l'observation de regions denses dans Ia membrane basale. La ferritine
glycosylCe non enzymatiquement n'Ctait pas arrêtée par Ia lamina rara
interna, et ii a ete observe qu'elle pCnètrait dans Ia lamina densa et Ia
lamina rara eyterna. 11 a également été observe que Ia ferritine
glycosylCe était séquestrée par des vCsicules pinocytiques épithéliales
et qu'elle Ctait accumulCe dans des corps multivésiculaires. Des
mesures quantitatives en utilisant des ferritines marquees a Ia fluores-
cence ont indique une clearance preferentielle de Ia ferritine glycosylee
a partir du plasma, et une apparition préférentielle de Ia ferritine
glycosylee dans les urines. Le transport diffCrentiel de Ia ferritine
glycosylée n'était pas dü a Ia formation d'une protéine cationique, car
une focalisation isoelectrique a établi que Ia glycosylation de Ia ferritine
aboutit 6 une protCine plus anionique. Ces etudes suggérent que Ia
glycosylation des protéines anioniques augmente leur permCabilité
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transglomérulaire. Cette augmentation de Ia perméabilité protáique
pourrait contribuer a Ia protéinurie observée au cours de Ia
microangiopathie diabetetique.
The transglomerular passage of serum proteins and macro-
molecules is highly selective. Native serum proteins of molec-
ular weight greater than 80 thousand daltons (kd) normally are
excluded from transglomerular transport and thus are not found
in significant concentrations in the urine [1, 2]. The reduced
transport of large proteins appears related to the impermeability
of the glomerular basement membrane, as most large proteins
are observed morphologically to accumulate in the lamina rara
interna [3, 4]. An additional determinant of glomerular perme-
ability is the distribution of molecular charge on the capillary
wall and within the glomerular basement membrane [5]. The net
negative charge of proteins on the capillary wall and within
glomerular basement membrane restricts the transglomerular
passage of numerous anionic serum proteins, due apparently to
charge repulsion [61. As expected, circulating polycationic
proteins exhibit enhanced filtration rates [7].
Diabetic nephropathy is a long-term consequence of hyper-
glycemia and appears directly related to the extent and fre-
quency of hyperglycemic episodes [8, 91. This long-term
nephropathy is characterized by structural changes in the
glomerulus, such as increased basement membrane thickening
[10] and the appearance of high molecular weight (> 100 kd)
proteins in the urine [11]. However, even before structural
changes occur, functional changes may be observed in the
diabetic kidney, as characterized by increased plasma protein
loss and water filtration.
A biochemical consequence of hyperglycemia is the observed
non-enzymatic glucosylation of proteins [12, 131. This reaction
results in the covalent, irreversible attachment of glucose to
specific amino acids within proteins. Although non-enzymatic
glucosylation of protein occurs under normal conditions, the
elevated plasma glucose concentrations occurring in diabetes
result in elevated levels of glucosylated proteins [14], This
glucosylation may result in altered protein function for
glucosylated serum proteins and glycosylated tubulin as re-
ported previously [15, 16]. Our interest in non-enzymatic
glucosylation has focused on the relationship between
hyperglycemia-stimulated non-enzymatic glucosylation and mi-
crovascular permeability. Williams, Devenny, and Bitensky
reported previously that the vesicular transport of plasma
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proteins by endothelium, although dependent upon molecular
size and charge, is carbohydrate selective also. The glucosyla-
tion of serum albumin, as a consequence of diabetic hypergly-
cemia, resulted in the increased sequestration of this
carbohydrate-modified albumin by endothelial vesicies, and
suggests a possible mechanism for increased vesicle-mediated
transendothelial transport of glucosylated albumin across con-
tinuous endothelium in vivo. Non-enzymatic glucosylation of
serum albumin results in its increased permeability across the
glomerular basement membrane also [171.
We report here that the non-enzymatic glucosylation of
native anionic ferritin results in its increased transglomerular
passage. Using tannic acid as a mordant to demarcate the layers
of the basement membrane, we observed that native anionic
ferritin accumulates in the lamina rara interna. Glucosylated
ferritin was permeable to all three layers of the basement
membrane and was observed either within the urinary space or
accumulated within pinocytic vesicles in the glomerular epithe-
hum. These findings suggest that functional changes in the
diabetic kidney, as evidenced by elevated transglomerular
passage of serum proteins, may be the result of increased
permeability of the glomerular basement membrane to glucosyl-
ated proteins.
Methods
Native anionic horse spleen ferritin (type II) and bovine
serum albumin (essentially fatty acid free) were obtained from
Sigma (St. Louis, Missouri, USA). Concanavalin-A-sepharose
was obtained from Pharmacia Fine Chemicals (Piscataway,
New Jersey, USA). All other chemicals were obtained in the
highest purity available from commercial sources.
Purification of carbohydrate-free ferritin
Glycosylated ferritin was removed from native ferritin using
Concanavalin-A-sepharose affinity chromatography, according
to the procedures of Halliday, Mack, and Powell [181. Briefly,
native anionic ferritin and a Con-A-sepharose column (1.5cm x
30 cm) were equilibrated with buffer (0.1 M Na acetate, pH 6.0;
1.0 M NaCI; 1 mrt MgCI2; 1 m MnC12, 1 mivi CaC12). Ferritin
was layered onto the equilibrated bed, run into the bed, and
flow was stopped. Following a 1-hr equilibration, non-bound
ferritin was eluted with the equilibration buffer. This non-
glycosylated ferritin was dialyzed against a 100 volume excess
of Dulbecco's phosphate buffered saline (pH 7.4). Dialysate
was changed twice over a 48-hr period. Glycosylated ferritin
bound to the Con-A-sepharose could be removed partially with
0.5 M cs-methylmannoside followed by 0.1 M Naborate (pH 6.5).
Non-enzymatic glucosylation of ferritin
Native anionic ferritin (40 mg/ml), purified by Con-A-
sepharose affinity chromatography, was non-enzymatically
glucosylated in vitro with 25 mtvt D-glucose in 0.1 M K2 HPO4
(pH 8.0) for 11 days at 37°C. Non-glucosylated ferritin was
incubated under identical conditions in the absence of glucose.
Both enzymatically glucosylated and native ferritin subse-
quently were dialyzed against two changes of a 100 volume
excess of Dulbecco's PBS (pH 7.4) over a 48-hr period.
Modification of ferritin via glucose attachment was monitored
by quantifying the selective reduction of the ketoamine moiety
Fig. 1. Glomerular capillary wall from rat perfusion fixed with glu-
taraldehyde alone (1A) or in the presence of 1% tannic acid (lB and C).
Thin sections were counterstained either with uranyl acetate and lead
citrate (1A and B) or observed unstained. The polyanion, tannic acid,
accumulates within the glomerular basement membrane (panel lB),
indicating the existence of a region of dense positive charge. In the
absence of counter staining (panel 1C), this polycationic region exhibits
a layered morphology with a lightly stained central core. (Set bar = 0.5
formed during the covalent attachment of glucose to proteins
[151.
Glucosylated and normal anionic femtin were analyzed by
isoelectric focusing (IEF) using a 1% agarose gel and 2% ampholines.
The gel was focused at 0.5 W/cm and 1400 V for 5 hr, fixed with
trichloroacetic acid, and stained with coomassie blue.
Animal studies
Male 250 g Sprague-Dawley rats were anesthetized with
pentobarbital (i.p., 5 mg/l00 g body wt). The left renal artery
was perfused by placing a cannula (PE-50) into the abdominal
aorta to the level of the left renal artery. The abdominal aorta
was ligated proximal and distal to the left renal artery and the
right renal artery. The left kidney was perfused immediately
with Dulbecco's PBS (pH 7.4) with 0.1% BSA at a constant
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Fig. 2. Glomerular capillary wall from rat perfused with native anionic
ferritin followed by perfusion fixation with glutaraldehyde and tannic
acid. Ferritin accumulates within the polycationic region (arrow) near-
est the endothelial cell wall. Ferritin is observed associated with
endothelial cells occasionally, but does not penetrate the lamina densa.
(Set bar 0,2 nm).
pressure of 80mm Hg. After 3 mm, kidneys were perfused with
ferritin (10 mg/mI, either native or non-enzymatically glucosyl-
ated) in Dulbecco's PBS (pH 7.4) for 5 mm. Kidneys either
were immersion fixed in 2.0% glutaraldehyde in isotonic
Tyrode's cacodylate buffer (pH 7.1) or perfusion fixed immedi-
ately. Perfusion fixation was performed by sequential infusion
through the left renal artery cannula, 4 ml of Dulbecco' s PBS
(pH 7.4), followed by 60 ml of 2% glutaraldehyde in phosphate
buffered saline (pH 7.4). Tannic acid (1%) was added to the
fixative as noted in the text.
Fluorescent labelling of ferritin
Normal anionic ferritin and glucosylated ferritin were la-
belled fluorescently with fluorescein isothiocyanate (FITC;
Sigma Co., St. Louis, Missouri, USA) and tetramethyl rho-
damine isothiocyanate (TRITC; Research Organics, Cleveland,
Ohio, USA), according to the procedures of Williams,
Devenny, and Bitensky [15].
Fig. 3. Glomerular capillary wall from rat perfused with non-
enzymatically glucosylated ferritin followed by perfusion fixation with
glutaraldehyde in the presence of tan nic acid. This carbohydrate-
modified ferritin accumulates within the tannic acid-visible polycationic
region of the glomerular basement. Glucosylated ferritin penetrates the
lamina densa also (arrow) (Set bar = 0.2 jtm).
Electron microscopy
Perfusion fixed kidneys subsequently were immersion fixed
in 2% glutaraldehyde in Tyrode's cacodylate (pH 7.4) for 60
mm, tissue blocks were osmicated and embedded in Spurr resin
[19]. Thin sections were obtained with a diamond knife
(Diatome, LKB, Switzerland) and examined on a transmission
electron microscope (Zeiss EM 9, Carl Zeiss, West Germany).
Results
Transglomerular passage of macromolecules is believed to be
restricted by a number of cellular and extracellular layers,
including the capillary endothelial cell wall, the glomerular
basement membrane, and/or the podocytes of the glomerular
epithelial cells. Sections of perfusion fixed kidneys illustrate
these cellular and interstitial barriers (Fig. IA) when
counterstained with uranyl acetate (Ur) and lead citrate (Pb).
The glomerular endothelium are fenestrated, but lack a
fenestral diaphragm. The basement membrane is stained homo-
geneously and the podocytes and associated slit pores form a
final uninterrupted barrier to molecular passage.
Perfusion fixation in the presence of 1% tannic acid, followed
by section counterstaining with Ur and Pb, enhances demarca-
tion of the layered morphology of the glomerular basement
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Fig. 4. Glo,nerular capillary wall of glucosylated ferritin-perfused,
immersion-fixed rat kidney. Glucosylated ferritin is observed associated
with epithelial foot processes (arrow) ((Set bar = 0.09 xm).
membrane (Fig. IB). Tannic acid mordanting is evident partic-
ularly in the center of the basement membrane, with lighter
staining layers proximal to the endothelium and podocytes.
Thin seclions from tannic acid perfused kidneys that were not
counterstained subsequently exhibit the dense central core;
however, this core exhibits two distinct dense strands separated
by a central luscent core. Counterstaining with Ur and Pb
obscures the visibility of these two distinct layers (Fig. 1C and
B). Owing to tannic acid's affinity for cationic charge, the
accumulation of tannic acid suggests that these two layers
represent a concentration of positively charged molecules.
Following the perfusion of kidneys with native anionic fer-
ritin devoid of carbohydrates, ferritin accumulates within the
first dense tannic acid-stained layer (Fig. 2). The capillary
endothelium exhibits little affinity for this ferritin and the
non-diaphragmed endothelial fenestra appear freely permeable.
The non-enzymatic attachment of glucose to ferritin results in
the passage of ferritin through the tannic acid-stained central
core (Fig. 3) and glucosylated ferritin is observed in proximity
to and within the epithelial podocytes (Fig. 4). The glucosylated
ferritin also is observed to accumulate within vesicles and
multivesicular bodies associated with the epithelial cells (Figs.
5 and 6), and occasional glucosylated ferritin is observed free
Fig. 5. Glucosylatedferritin accumulates within endocytic vesicles of
epithelial foot processes. Kidneys were perfused with glucosylated
ferritin and immersion fixed. (Set bar = 0.15 xm).
within the urinary space (Fig. 6). The glucosylation of ferritin
results in increased passage of this carbohydrate-modified pro-
tein across the glomerular basement membrane and the accu-
mulation of glucosylated ferritin within vesicles of the epithelial
cell. The preferential transport of glucosylated ferritin could not
be attributed to the formation of highly cationic ferritin during
the non-enzymatic glucosylation reaction since isoelectric fo-
cusing of the different ferritins revealed glucosylated ferritin to
be a slightly more anionic protein (Fig. 7).
The preferential transglomerular transport of glucosylated
ferritin was observed when the disposition of fluorescently
labelled ferritins was quantified (Table 1). Ferritin that accumu-
lated in the urine exhibited a preferentially higher concentration
of glucosylated ferritin, while the relative concentration of
glucosylated ferritin, as compared to normal ferritin, was re-
duced in the plasma (Table 1).
Discussion
The transglomerular passage of macromolecules is known to
be influenced by molecular size and charge and by hemody-
namic forces that act at the surface of the glomerular endothe-
hum. Molecules of molecular weight greater than 125,000
(Einstein Stokes radium, ESR >78 A) are believed to be
a- .,
a-
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Fig. 6. Glucosylated ferritin is observed within multivesicular bodies
and within the urinary space (arrow). (Set bar = 0.14 rm).
restricted from transglomerular passage [4], while proteins the
size of serum albumin (69,000 ESR —35 A) exhibit limited
passage across the glomerular filtration barrier. In addition to
size restriction, the capillary wall and glomerular basement
membrane are believed to restrict the passage of circulating
polyanions [5, 71. This charge exclusion is based upon the
concentration of negatively charged molecular species in the
glomerular basement membrane (sulfated proteoglycans) and
capillary wall (the glycocalyx of the endothelial plasma mem-
brane). Numerous circulating plasma proteins exist as
polyanions or albumin and exhibit restricted transglomerular
passage. This permeability may result from imperfect size and
charge exclusion; however, we have begun to examine whether
other characteristics of macromolecules, specifically their car-
bohydrate structure, affect their transglomerular passage.
Most circulating proteins are enzymatically glycosylated dur-
ing cellular biosynthesis. One exception is serum albumin,
which, as synthesized by hepatocytes, escapes enzymatic
glycosylation. Therefore, native serum albumin provides a
model of non-glycoprotein. During the lifetime of albumin in the
serum, a non-enzymatic reaction occurs between circulating
glucose and albumin [121. This reaction, known as non-
enzymatic glucosylation, results in the covalent attachment of
glucose, thus converting carbohydrate-free protein into a gly-
Fig. 7. Isoelectric focusing of ferritin and glucosylaled ferritin. 10 g
samples of native anionic ferritin (A) and glucosylated ferritin (B) were
focused on an acrylamide gel containing ampholines with a p1 range of
3.5 to 10.0. Proteins stained with coomassie blue were localized
exclusively in the p1 range 4 to 5, shown here.
coprotein. This reaction is significant for two reasons. First,
diabetics with elevated circulating glucose exhibit increased
levels of non-enzymatically glucosylated proteins [141. Second,
non-enzymatically glucosylated albumin is functionally dif-
ferent from non-glucosylated albumin. While carbohydrate-free
albumin is excluded from endothelial vesicles, glucosylated
albumin is sequestered within vesicles avidly [151. Glucosylated
albumin is selectively transported into the urine also [19]. Thus,
the increased leakiness of the diabetic microcirculation may be
a result of elevated levels of non-enzymatically glucosylated
plasma proteins, increased recognition and transport of
glucosylated proteins by continuous capillary endothelium, and
increased transglomerular transport of glucosylated albumin.
a-
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Table 1. Disposition of injected ferritin and glucosylated ferritin in
the urine and plasmaa
Time
mm
Urineb
FER:GLUFER
Plasmac
FER:GLUFER
0 0.0 1.0
30 0.22 0.75
60 0.32 6.3
120 0.33 4.6
a Samples of native anionic ferritin (FER) and giucosylated ferritin
(GLUFER) were fluorescently labelled with FITC and TRITC, respec-
tively, and a sample containing 10mg/mi of each ferritin was prepared.
The original sample of fluorescently labelled ferritin was analyzed, and
the spectrofluorometer was calibrated to give an initial FER:GLUFER
ratio of 1. Experiments were initiated by the intravenous injection of a
10 mg sample into pentobarbital-anesthetized rats.
b At designated times, 50 d samples of urine were obtained via a
cannula in the bladder and analyzed spectrofluorometrically. The initial
FER:GLUFER ratio in the plasma was 1.0; therefore, observed ratios
below 1.0 represent the selective accumulation of glucosylated ferritin
within the urine space. Conversely, ratios above 1.0 represent the
accumulation of native anionic ferritin.
At designated times, 100 il samples of plasma were prepared and
analyzed spectrofluorometrically for the relative concentration of fer-
ritin and glucosylated ferritin. A ratio of FER:GLUFER greater than
1.0 is expected when the relative concentration of glucosylated ferritin
is reduced with respect to the native anionic ferritin concentration in the
plasma.
The glomeru/ar basement membrane: Tannic acid staining
Previous work with polyanionic and neutral molecular tracers
has identified the capillary endothelial wall and the lamina rara
interna of the glomerular basement membrane as the main
barriers to filtration of anionic proteins [3]. The laminar struc-
ture of the glomerular basement membrane has been character-
ized by observing the differential accumulation of polycationic
and neutral macromolecules within laminar elements of the
basement membrane. The differential accumulation appears to
represent differences in the density of anionic charge, presum-
ably due to the distribution of glycoproteins that comprise the
basement membrane.
We have used the polyanionic molecule, tannic acid (gal-
lotannin), to identify cationic sites on the capillary wall, the
glomerular basement membrane, and the glomerular epithelial
cell. While Ur and Pb counterstaining, in the absence of tannic
acid, reveals a continuous basement membrane distributed
homogenously from the capillary endothelium to the level of the
filtration slit pores, perfusion fixation in the presence of tannic
acid, followed by heavy metal counterstaining, results in the
observation of a densely charged region within the glomerular
basement membrane (Fig. 1A and B). Perfusion with tannic acid
without subsequent counterstaining reveals also this region of
cationic charge; however, now we see an additional central core
that exhibits reduced affinity for tannic acid. The distribution of
cationic charge within the glomerulus is represented schemati-
cally in Figure 8B. The distribution of positive charge is
compared to the previously observed anionic charge distribu-
tion (Fig. 8A, as suggested by Rennke and Venkatachalam [31.
In addition to regional differences in polyanions in the glomer-
ular basement membrane ascertained using polycationic mac-
romolecules, differences in the distribution to cationic charge
can be seen also when using tannic acid mordanting.
Effects of non-enzymatic glucosylation on anionic ferritin
filtration
Native anionic ferritin has been used extensively as a repre-
sentative marker of a polyanionic macromolecule. Recent evi-
dence suggests that in addition to the size (480,000 mol wt) and
charge (p1 4.3 to 4.9) of native ferritin, the carbohydarte content
of native ferritin affects plasma disappearance also [18]. Since
the kidney may be one site of plasma clearance of this protein,
we have examined the relative importance of carbohydrate
structure on ferritin filtration. After chromatography of native
anionic ferritin (horse spleen) on Concanavalin-A-sepharose,
monomeric ferritins that did not associate with the column (low
carbohydrate content) were restricted from glomerular filtration
(Fig. 2). This carbohydrate-poor ferritin accumulated within the
basement membrane within a densely tannic-stained region.
However, the non-enzymatic glucosylation of ferritin resulted
in the filtration of ferritin and accumulation of glucosylated
ferritin within epithelial cell vesicles and phagolysosomes.
When fluorescently labelled normal and glucosylated ferritin
was co-injected differentially into rats, we observed the prefer-
ential loss of glucosylated ferritin from the plasma and a
coincident preferential appearance of glucosylated ferritin in
the urine, These results are similar to those of Ghiggeri et al [171
who observed the preferential appearance of glucosylated albu-
min in human urine. We have observed previously that albumin
present in the urine of normal and diabetic rats exhibits a
greater percentage of glucosylated albumin, as compared to the
extent of glucosylation of circulating serum albumin [20, 21].
Thus, covalent attachment of glucose results in increased
filtration of the glucosylated protein.
The increased filtration of non-enzymatically glucosylated
ferritin cannot be attributed to the formation of a highly cationic
ferritin as a result of glucosylation, since we observe that
glucosylation results in a more anionic ferritin, as analyzed by
isoelectric focusing. Since the glomerular basement membrane
would be expected to restrict further the more anionic glucosyl-
ated ferritin, increased filtration of glucosylated ferritin cannot
be explained simply on the basis of charge. The mechanism of
increased glucosylated ferritin filtration is unknown.
Glucosylated ferritin that traversed the basement membrane
became associated with the glomerular epithelium, and was
localized within endocytic vesicles. Enhanced sequestration
and endocytosis of glucosylated proteins by pinocytic vesicles
has been described previously for capillary endothelium [15].
The observed accumulation of glucosylated ferritin in the
glomerular epithelium suggests glucosylated proteins may be
sequestered preferentially by the epithelium. The preferential
escape of glucosylated proteins into the urinary space would be
expected due to increased filtration; however, the endocytic
capacity of the glomerular epithelium may be sufficient to
remove a large part of these filtered proteins.
A possible relationship may exist between non-enzymatic
glucosylation of serum proteins and the frequently observed
proteinuria and glomeruloscierosis in diabetes mellitus. Since
the poorly controlled diabetic exhibits elevated serum glucose,
and subsequent elevated levels of non-enzymatically glucosyl-
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ated proteins, the diabetic kidney encounters elevated levels of
these carbohydrate-modified proteins. The glomerular base-
ment membrane is more permeable to glucosylated ferritin and
glucosylated albumin, resulting in enhanced filtration. These
filtered proteins will accumulate and present themselves in the
urine or, as we have described, glucosylated proteins may be
endocytosed by the glomerular epithelium. The observed accu-
mulation of protein within the glomerulus of diabetics [22] may
be a result of enhanced transglomerular transport and subse-
quent endocytic ingestion and accumulation of non-enzymati-
cally glucosylated proteins.
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Fig. 8. Schematic representation of the glomerular capillary wall indicating the distribution of polyanionic substances (Panel A, symbol is —) and
polycationic substances (Panel B, symbol is +). Polycation distribution is greatest in the lamina densa (LD), While polyanion concentration is
greatest over the epithelial and endothelial cell coats and the inner and outer layers of the glomerular basement membrane. Abbreviations are: FP,
foot processes of epithelial cells; SP, slit pores; LRE, lamina rara externa; LRI, lamina rara interna; ENDO, endothelium.
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